We present orbit analysis for a sample of 8 inner bulge globular clusters, together with one reference halo object. We used proper motion values derived from long time base CCD data. Orbits are integrated in both an axisymmetric model and a model including the Galactic bar potential. The inclusion of the bar proved to be essential for the description of the dynamical behavior of the clusters. We use the Monte Carlo scheme to construct the initial conditions for each cluster, taking into account the uncertainties in the kinematical data and distances. The sample clusters show typically maximum height to the Galactic plane below 1.5 kpc, and develop rather eccentric orbits. Seven of the bulge sample clusters share the orbital properties of the bar/bulge, having perigalactic and apogalatic distances, and maximum vertical excursion from the Galactic plane inside the bar region. NGC 6540 instead shows a completely different orbital behaviour, having a dynamical signature of the thick-disc. Both prograde and prograde-retrograde orbits with respect to the direction of the Galactic rotation were revealed, which might characterize a chaotic behaviour.
Introduction
The orbital evolution of globular clusters (GCs) in the Galaxy, combined with kinematics and stellar population analyses, can provide important information to decipher the history of our Galaxy. The Galactic bulge contains a significant fraction of the globular cluster population (∼25% of GCs) in the Galaxy (Bica et al. 2016) . This fraction may increase significantly in coming years with analyses of recent 84 VVV bulge GC candidates (Minniti et al. 2017a , Minniti et al. 2017b . In spite of this, very few attempts have been made so far to study the orbits of bulge clusters, previously prevented mainly due to high reddening, crowding and distance effects.
Two main pieces of information are needed in order to determine the Galactic orbit of a globular cluster: the Galactic position and velocity components of the cluster and a mass model of the Galaxy. The position and velocity components form a six-dimensional vector, called initial state vector, representing the initial conditions required to solve the equations of motion (EoM) associated with the gravitational potential generated by the host galaxy. In this approach, the cluster is treated as a * This is an example of author footnote test particle. This is the typical approximation to study GCs orbits (Aguilar, Hut & Ostriker 1988; Gnedin & Ostriker 1997; Gnedin, Lee & Otriker 1999; Dinescu et al. 2001 , Casetti-Disnescu et al. 2007 Pichardo et al. 2004; Allen et al. 2006 Allen et al. , 2008 Ortolani et al. 2011; Moreno et al. 2014) . Even in works where the destruction rates and tidal stripping are studied in depth (e.g. Moreno et al. 2014) , the calculation of the orbits is carried out under the assumption that the cluster acts as a test particle, and it is over such invariant orbit that individual clusters (including N-body model clusters) are calculated (Jílková et al. 2012; Martinez-Medina et al. 2018) . In general, for massive clusters (i.e. the ones we see today), the effect of mass loss on the orbit is negligible. Even in clusters that go through substantial mass loss, where part of the mass loss is expected to be due to evaporation across all the surface of the cluster and part to tidal effects (bipolar), neither is expected to affect the center of mass of the remaining cluster, and consequently it will not affect the orbit.
In our previous paper (Rossi et al. 2015 , hereafter Paper I) we presented the relative proper motions to the bulge field stars of ten globular clusters located in the Galactic bulge, namely Terzan 1, Terzan 2, Terzan 4, Terzan 9, NGC 6522, NGC 6558, NGC 6540, Palo-2 Pérez-Villegas et al. mar 6, AL 3 and ESO 456-SC38. The clusters AL3 and ESO 456-SC38 are not analysed in the present work because they have no radial velocity determinations in the literature. By combining information on the proper motion with position components and radial velocities, we derived the initial state vector of eight of the bulge clusters in our sample. For comparison purposes, we also included in the analysis the inner halo cluster NGC 6652, for which the initial state vector has been computed from proper motion data by Sohn et al. (2015) .
The main goal of this follow-up paper is to construct the orbit of the bulge globular clusters with the purpose of checking whether they are trapped by the Galactic bar or not, and at the same time, we seek for correlations between the distribution of clusters and of their kinematic properties with metallicity, that could be interpreted as due to the dynamics produced by the Galactic bar.
The present work is structured as follows. In Section 2, we present the data available for the sample GCs, that were employed in the calculations. In Section 3 the adopted mass models of the Milky Way and the process followed to integrate the orbits of the clusters and their orbital parameters are described. In Section 4 the orbit of the clusters are presented and their main features are briefly discussed. Section 5 includes an analysis of correlations between the orbital and chemical properties of the sample, while in Section 6 the results are summarized and discussed.
2 Data for the Globular Clusters Table 1 contains the cluster parameters employed in this work. Equatorial (α, δ) and Galactic (l, b) coordinates are given in Columns 2 and 3, and Columns 4 and 5, respectively. The proper motions relative to the bulge field stars, µ * α = µ α cos δ, µ δ , in Columns 6 and 7, given in Paper I, except for NGC 6652, whose values are taken from Sohn et al. 2015 , where the proper motions are absolute. The heliocentric radial velocity v r , in Column 8, is taken from the compilation by Harris (2010) . The heliocentric distance and metallicity in Columns 9 and 10 are from Bica et al. (2016, and references therein) .
Methods
We calculated the orbits of our nine GCs by integrating them within both an axisymmetric and a barred mass model of the Galaxy. Our sample clusters are located in the inner region of the Galaxy, most of them inside ∼ 2 kpc from the Galactic center. Therefore, a Galactic bar potential plays a key role in the dynamical analysis of these clusters.
A mass model of the Milky Way
In our analysis, we employ axisymmetric and nonaxisymmetric models for the Galactic gravitational potential. According to observational evidence (Kent et al. 1991 , Chemin et al. 2015 , we modelled the axisymmetric bulge by adopting an exponential mass density profile. Such a profile is the Sérsic model. In particular, we adopted the representation given in Prugniel & Simien (1997) (see also Terzić & Graham 2005) , that closely matches the de-projected Sérsic R 1/n profile
where ρ 0 is the central density, R e is the scale radius, n is the curvature parameter, b = 2n − 1/3 + 0.009876/n for 0.5 < n < 10 (Prugniel & Simien 1997) , and p = 1.0 − 0.6097/n + 0.05563/n 2 for 0.6 < n < 10. We refer to Terzić & Graham (2005) for more details. The exponential profile corresponds to the value of the curvature parameter n = 1, which represents a pseudobulge with a density law similar to the one that is seen in the inner Galaxy (Freudenreich 1998) . In the recent work of Chemin et al. (2015) , the authors question whether the mass model of the Milky Way obtained by fitting the observed circular rotation curve in the inner 4-4.5 kpc of the Galaxy is correct or misinterpreted. One of their conclusions is that the velocity profile in the inner regions of the Galaxy does not represent the true rotation curve, but local motion. For our purposes, the most important result of their analysis is that the bulge of the Milky Way could be twice as massive and a half less concentrated than previously thought. Following their results, we assigned a total mass to the bulge equal to M bulge = 1.2 × 10 10 M , and a scale radius equal to R e = 0.87 kpc. This is in agreement with the mass values given in Bland-Hawthorn & Gerhard (2016) review.
In our Galactic mass model, the disc follows an exponential density profile with the form
In general, the discs in galaxies are well represented by an exponential profile. Flynn et al. (1996) and more recently Smith et al. (2015) showed a method to approximate the gravitational potential generated by an exponential disc through the superposition of three Miyamoto-Nagai potentials (Miyamoto & Nagai 1975) The total disc mass of our model is 5.5 × 10 10 M with a radial exponential scalelength R d = 3.0 kpc and exponential scaleheight of h z = 0.25 kpc (BlandHawthorn & Gerhard 2016). The Miyamoto-Nagai parameters for the disc are listed in Table 2 .
The dark matter halo is modelled with a NFW profile (Navarro et al. 1997 ). The parameters adopted are shown in Table 2 .
where M h is the total mass of the halo component and a h is a scalelength. Figure 1 shows the circular velocity curve associated with the adopted axisymmetric Galactic mass model and the contribution of each component to the circular velocity. In our model the Sun is placed at 8.33 kpc with a circular velocity of 241 km s −1 . The presence of a bar in the inner regions of the Milky Way is well-known (e.g. Binney et al. 1991; Weiner & Sellwood 1999 , Hammersley et al. 2000 , Benjamin et al. 2005 ) -see a more detailed discussion in Barbuy et al. (2018, and references therein) . In order to go beyond a simplistic axisymmetric modelling of the central regions of the Galaxy, we added a single rotating bar to our mass model. Several models of the Galactic bar have been proposed in the past (e.g. Long & Murali 1993 , Pichardo et al. 2004 . In the present work we adopted the widely used (e.g. Pfenniger 1984 , Weiner & Sellwood 1999 , Gardner & Flynn 2010 
where ρ c is the central density, n is a positive integer and
with a, b, c the semiaxes of the ellipsoid. The adopted value of the parameters of the bar and the reference papers are summarized in Table 2 . When adding the bar to the mass model, all the mass in the Sérsic component is employed to build the Galactic bar.
In our calculations we neglected the presence of spiral arms perturbing the gravitational potential of the Galactic disc. The reason for this is that the clusters in our sample are confined within the inner 4 kpc of the Galaxy, which is approximately the size of the semimajor axis of the Galactic bar. We then do not expect the orbits to be perturbed by a rotating spiral pattern, which typically develops outside the volume occupied by the bar.
Integration of the orbits
We integrated the Galactic orbits of the globular clusters using nigo (Numerical Integrator of Galactic Orbits -Rossi 2015a), which is ideally suitable for the purposes of our analysis. The code includes an implementation of the mass model that we adopted in this work. The solution of the equations of motion is evaluated numerically using the Shampine-Gordon integration scheme (for further details we refer to Rossi (2015b) ). We integrated the orbits of our sample of star clusters forward in time for 10 Gyr. Using the observational parameters of the GCs given in Table 1 , we computed the initial state vector of the clusters assuming the Sun's Galactocentric distance R 0 = 8.33 kpc and a circular velocity V 0 = 241 km s −1 (e.g. Bland-Hawthorn & Gerhard 2016, and references therein). The velocity components of the Sun with respect to the local standard of rest are (U, V, W ) = (11.1, 12.24, 7.25) km s −1 (Shcönrich et al. 2010) . We defined as inertial Galactocentric frame of reference the right-handed system of coordinates (x, y, z) where the x-axis points to the Sun from the Galactic Centre and the z-axis points to the North Galactic Pole. We refer to the bar-corotating frame of reference as the right-handed system of coordinates (x r , y r , z r ) that co-rotates with the bar, where the x r axis is aligned with the bar semi-major axis a and z r points towards the North Galactic Pole. As we mention in Section 2, our proper motions are relative to the bulge field stars, therefore we have to give a special treatment in order to get the velocity vector, as was explained in Terndrup et al. (1998) and in Paper I. It is worth to point out that Bobylev & Bajkova (2017) carried out an orbital study with the same sample GCs and data from Paper I. However, they did not apply the correct conversion from relative proper motions into veloc- ities, assuming that the proper motions given in Paper I were absolute. Therefore their calculated velocity vectors are not consistent with this sample of bulge GCs. For NGC 6652, the proper motions are absolute, such that for this cluster we apply the usual way to convert the proper motions into velocities.
Orbital properties of the bulge globular clusters
In this Section we present the main properties of the Galactic orbits determined for each of the nine globular clusters in our sample, both for the cases of an axisymmetric and a barred Galactic mass model using three different values of the angular velocity of the bar Ω b = 40, 50, and 60 km s Orbits of selected globular clusters in the Galactic bulge 5 presented in Table 1 , both in the case of the axisymmetric potential (three left panels) and the model with bar (three right panels). For each cluster, we plotted the projection of the orbit on the Galactic plane (x − y), on the (x − z) plane and on the meridional plane (R − z). The orbits obtained assuming an axisymmetric potential are shown in the inertial Galactic frame of reference, while the orbits obtained in the barred potential are shown in the bar co-rotating frame of reference. In the model with bar, we use three different angular velocities, that are plotted with different colors in the right panels of Figure 2 .
For each orbit in Figure 2 , we calculate the perigalactic distance r min , the apogalactic distance r max , the maximum vertical excursion from the Galactic plane |z| max , and the eccentricity defined as e = (r max − r min )/(r max + r min ). In order to know whether the orbital motion of globular clusters has a prograde or a retrograde sense with respect to the rotation of the bar, we calculate the z-component of the angular momentum in the inertial frame, Lz. Since this quantity is not conserved in a model with nonaxisymmetric structures, we are interested only in the sign.
We can see that with the axisymmetric potential, most of clusters are confined inside ∼ 2 kpc in the Galactic plane, except for NGC 6540 and NGC 6652, that reach distances between ∼ 4 and 5 kpc. The clusters have a z-distance from the Galactic plane of ∼ 0.6, except for NGC 6558 with z ∼ 1.3, and NGC 6652 with z ∼ 2.6 kpc. Most of clusters show high eccentricity e > 0.8, although there are three clusters with e < 0.5 (Terzan 2, Terzan 4, and NGC 6540).
When the bar is introduced to the model, there is an interesting dynamical effect produced by this structure. In general, the clusters are confined in the bar region. For the cases of Terzan 1 and NGC 6540, these clusters are going inside and outside of the bar in the Galactic plane, with low vertical excursions from the plane. It is not surprising that NGC 6652 is also completely outside of the bar region because we know that this cluster belongs to the halo component. We can also notice that Terzan 4, Terzan 9, NGC 6522, NGC 6558, Palomar 6 have a bar-shape orbit in the (x r − y r ) projection, and a boxy-shape in the (x r − z r ), and this means that these clusters are trapped by the bar. NGC 6540 has a particular and different behaviour as compared with the other sample clusters: it is confined to the Galactic plane, and has the correct energy to go inside and outside of the bar, and the orbit is trapped by a higher-order resonance or corotation, depending on the bar angular velocity, Ω b . With respect to the different values of Ω b , we can see that most of orbits are not sensitive to the change of this parameter, except for NGC 6558, NGC 6540, and NGC 6652. Regarding the sense of the orbital motion, we have clusters with prograde orbits such as Terzan 4, NGC 6522, NGC 6558, NGC 6540, and we have clusters that have prograde and retrograde orbits at the same time. The prograde-retrograde clusters are Terzan 2, Terzan 9, Palomar 6 and NGC 6652. The prograde-retrograde orbits have been observed before in others globular clusters (Pichardo et al. 2004; Allen et al. 2006 ). This effect is produced by the presence of the bar, and it could be related to chaotic behavior, however this is not well-understood yet.
Orbital properties from the Monte Carlo method
In order to evaluate the uncertainties associated with the parameters of the clusters, we followed a Monte Carlo method. For each cluster we generated a set of 1000 initial conditions included within the errors affecting the values of heliocentric distance, proper motions and heliocentric radial velocity, presented in Table 1 . We do this with the purpose of seeing how much the orbital properties of the clusters such as the perigalactic distance, the apogalactic distance, the maximum vertical height and the eccentricity change, considering the errors of the measurements, and at the same time, how the Galactic bar affects them. We integrated this set of orbits for 10 Gry using nigo and evaluated the mean value and standard deviation of the orbital parameters.
In Table 3 , we give for each globular cluster the orbital parameters obtained with the axisymmetric potential (first line) and the model with bar, where we employed three values of Ω b = 40 (second line), 50 (third line) and 60 (forth line) km s −1 kpc −1 . Columns 2, 3, and 4 show the average perigalactic distance, the average apogalactic distance, and the average maximum vertical excursion from the Galactic plane, respectively. Column 5 gives the average orbital eccentricity. The errors provided in each column are the standard deviation of the distribution. Figure 3 shows the distribution of each orbital parameter, for the axisymmetric model (blue) and the model with bar using a Ω b = 40 (orange), 50 (green), and 60 (red) km s −1 kpc −1 . The clusters have perigalactic distances r min < 1 kpc with the axisymmetric model, and these decrease with the presence of the bar, rmin < 0.5 kpc. There is a particular cluster, NGC 6540, with perigalactic distance with the axisymmetric model between 1 and 3 kpc, and with bar model between 0.5 and 4 kpc, depending on the pattern speed. Regarding the apogalactic distance, the clusters can reach maximum distances up to 4 kpc, and there are two clusters that could go further, NGC 6540 (up to 6 kpc) and NGC 6652 (up to 8 kpc). As for the maximum height, the clusters could go between 0.5 to 1.5 kpc, and for NGC 6652 up to 5 kpc. With respect to eccentricity, most clusters have high eccentricities, and the bar model makes the distribution in eccentricities to be narrower than with the axisymmetric model. The exceptions are Terzan 4, Orbits of selected globular clusters in the Galactic bulge 7 with a low eccentricity with no bar, whereas the orbits become highly eccentric with the presence of the bar; and NGC 6540, with a very low eccentricity, e < 0.5, with the axisymmetric model, whereas with the bar model the eccentricity depends on the angular velocity, higher if Ω b > 50 km s −1 kpc −1 or lower if Ω b < 50 km s −1 kpc −1 . From the average values given in Table 3 , we can see that the Galactic bar induces to have smaller average perigalactic distances (except for NGC 6540, Palomar 6 and NGC 6652), larger average apogalactic distances, lower vertical excursions from the Galactic plane (except for NGC 6652), and higher eccentricities (except for NGC 6540). The effect produced by different pattern speeds on the clusters are almost negligible, except for NGC 6540.
Correlations between orbital parameters and chemical properties
After determining the Galactic orbits of the clusters in our sample, we combined the information on the orbital properties with the metallicity, [Fe/H], given that we are particularly interested in evaluating any obvious dependence among them. In fact, we already know from Paper I that the spatial distribution of the globular clusters in the Galaxy has a strong dependence on their metallicity. We now aim to refine this analysis for the bulge clusters of the present sample. We constructed scatter plots of the orbital parameters as function of the clusters' metallicities. Figure 4 shows the distribution of perigalactic distance, apogalactic distance, maximum height from the Galactic plane, and orbital eccentricity of the clusters as function of their metallicity. We studied both cases of an axisymmetric model (blue stars) and a barred mass model with Ω b = 40 (orange squares), 50 (green circles), and 60 (red triangles) km s −1 kpc −1 . We can see that the clusters with [Fe/H] −1.0 have similar values in all orbital parameters. If we consider only the clusters with [Fe/H]< −1.0, the perigalactic distance and the height from the Galactic plane might tend to decrease with metallicity, while the apogalactic distance and eccentricity increase. NGC 6540 has a completely different behaviour in comparison with the other clusters. Also we expect NGC 6652 ([Fe/H]∼ −1.0) having different orbital parameters from the rest, because it belongs to the halo component.
In addition, we looked for any correlation among the different orbital parameters of the clusters. We expect the clusters sharing their dynamical properties with some dispersion, due to being confined in the bulge/bar region. In Figure 5 , we show a scatter plot of all the possible combinations among the orbital parameters, where the colour represents the metallicity. We see that, in each panel, most of clusters are gathered in the same region indicating that they belong to the same component, in this case that they are confined to the bulge/bar. On the other hand, NGC 6652 and NGC 6540 have a different behaviour relative to the other ones. We know that NGC 6652 belongs to the halo component, therefore it does not have to share orbital properties with the bulge/bar globular clusters, and NGC 6540 has properties consistent with the thick disc kinematics.
Summary and Conclusions
We have employed the available data of the bulge globular clusters given in Paper I to compute their orbits, and compare the orbital properties with their metallicity. This analysis has been carried out both with an axisymmetric potential and a model with the Galactic bar, where we vary the angular velocity of the bar. In order to take into account the effect of the observational uncertainties, we employed the Monte Carlo method to construct a set of 1000 initial conditions for each cluster.
The clusters in our sample, which are projected onto the Galactic bulge, show trajectories indicating that they are confined to a bulge/bar. The only exception applies to the comparison cluster NGC 6652, which shows an orbit expected from an inner halo cluster. We found that most of clusters in the inner 4 kpc from the Galactic centre exhibit high eccentricities with close perigalactic passages. However we also identified an object with orbital properties completely different compared with the bulge/bar and halo component, characterised by a disc-like orbit (NGC 6540), having a larger perigalactic distance larger than 5 kpc with very low eccentricities, e < 0.4. The maximum heights with respect to the Galactic plane for all the sample clusters (except for NGC 6652), are typically below 1.5 kpc. It appears that the sample clusters evolve within the region occupied by the Galactic bar. More specifically, due to the gravitational effect produced by the bar, the clusters could be trapped by some resonance of the bar, and in this case they would be those that follow a bar-shape in (x r − y r ) and (x r − z r ), in the rotating frame. On the other hand, the cluster Terzan 1, that even though it is confined in the inner region, its orbit does not have a bar/boxy-shape, therefore this cluster is probably not trapped by the bar. In any case, as expected, the presence of a rotating bar in the centre of the Galaxy has a strong impact on the orbital evolution of the inner clusters, although the effect produced by different angular velocities on the clusters seems to be almost negligible, except for NGC 6540.
We found that most clusters in the inner ∼ 3 kpc are part of the bulge/bar population. By this we mean that either these clusters were formed early on before bar formation, and were trapped during the bar formation, or else, they formed together with the bar. On the other Orbits of selected globular clusters in the Galactic bulge 9 Table 3 Orbital parameters with the Axisymmetric and Nonaxisymmetric Potentials.
Terzan 1 hand, it appears that in the region outside the bar, the clusters appear to behave as thick disk-like orbits or halo, such as NGC 6540 and NGC 6652, respectively.
With respect to metallicity correlations, the properties are similar for clusters with [Fe/H] −1.0. On the other hand, if we consider only clusters with [Fe/H]< −1.0, the perigalactic distance and the maximum high excursion from the Galactic plane tend to decrease with metallicity, while the apogalactic and eccentricity increase. However, there is not any obvious dependence among the metallicity and orbital properties. We suggest that a more extensive analysis of a larger bulge cluster sample is required to improve the statistical significance of these results.
Our results could provide some insight on the formation processes of the globular clusters located in the Galactic bulge. Considering the old nature of these objects (e.g. Ortolani et al. 2011; Kerber et al. 2018 were formed during the very early stages of the evolution of the Milky Way. Also, many of the sample clusters belong to the metal-rich Galactic sub-population (Paper I and references therein) and therefore they likely formed within high-pressure, metal-rich gas Galactic structures at high redshift.
In our analysis, we have orbits with prograde motions and orbits that change their sense of motion from prograde to retrograde, as seen from the inertial frame. The prograde-retrograde orbits could be related to chaotic behavior (Pichardo et al. 2004; Allen et al. 2006) . The absence of strong correlations between orbital and chemical properties of the clusters could be indicative of an early chaotic phase of the evolution of the central regions of the Galaxy, as well. This is consistent with a scenario in which the bulge formed at high redshift through processes such as mergers and violent disc instabilities, as recently confirmed by Tacchella et al. (2015) . On the other hand, there is evidence that the Galactic bar is relatively recent with respect to the age of the bulge clusters. Cole & Weinberg (2002) , for example, concluded that the bar must be younger than 6 Gyr. In this case the clusters formed before the development of the bar instability. An example could be NGC 6522, that is a very old cluster, ∼ 13 Gyr (Kerber et al. 2018) but has a bar/boxy-shape orbit (in the rotating frame), meaning that it was formed in a very early stage of the Galaxy, before bar formation, and it was trapped by the bar later on. 
